Bluetongue virus serotype 1 (BTV 1) was first isolated in Australia from cattle blood collected in 1979 at Beatrice Hill Farm (BHF), Northern Territory (NT). From long-term surveillance programs (1977 to 2011), 2,487 isolations of 10 BTV serotypes were made. The most frequently isolated serotype was BTV 1 (41%, 1,019) followed by BTV 16 (17.5%, 436) and BTV 20 (14%, 348). In 3 years, no BTVs were isolated, and in 12 years, no BTV 1 was isolated. Seventeen BTV 1 isolates were sequenced and analyzed in comparison with 10 Australian prototype serotypes. BTV 1 showed an episodic pattern of evolutionary change characterized by four distinct periods. Each period consisted primarily of slow genetic drift which was punctuated from time to time by genetic shifts generated by segment reassortment and the introduction of new genome segments. Evidence was found for coevolution of BTV genome segments. Evolutionary dynamics and selection pressure estimates showed strong temporal and clocklike molecular evolutionary dynamics of six Australian BTV genome segments. Bayesian coalescent estimates of mean substitution rates clustered in the range of 3.5 ؋ 10 ؊4 to 5.3 ؋ 10 ؊4 substitutions per site per year. All BTV genome segments evolved under strong purifying (negative) selection, with only three sites identified as under pervasive diversifying (positive) selection. The obligate replication in alternate hosts (insect vector and vertebrate hosts) imposed strong evolutionary constraints. The dominant mechanism generating genetic diversity of BTV 1 at BHF was through the introduction of new viruses and reassortment of genome segments with existing viruses.
B
luetongue virus (BTV) is a segmented, double-stranded RNA (dsRNA) virus that is classified in the genus Orbivirus, family Reoviridae. It is transmitted by biting midges (Culicoides species, Diptera: Ceratopogonidae) and is the causative agent of bluetongue disease, predominantly affecting sheep and goats. Cattle and wild ruminants can also be infected but usually serve as asymptomatic reservoirs of infection (1) (2) (3) . There are 26 known BTV serotypes (BTV 1 to BTV 26). The virus occurs in all continents other than Antarctica and is increasing in global distribution. Most notably, BTV has spread rapidly into Europe since the mid-1990s, initially invading most of the south and then, in 2006, appearing for the first time north of the Alps. It is now considered endemic throughout much of Europe from the Mediterranean to the Baltic (1, 2, 4) . The change in BTV distribution has been due to the introduction of exotic serotypes along with changes in the distribution, species, and competence of Culicoides vectors. Climate change has been suggested as a significant factor in the spread of BTV and disease in Europe.
In Australia, BTV 20 was first detected in a mixed pool of Culicoides species collected in the Northern Territory (NT) in 1975 (5), but there was serological evidence that at least one serotype had been present since 1958 (6) . BTV 1 was subsequently isolated for the first time in 1979 from cattle blood collected at Beatrice Hill Farm (BHF), NT (7) . Since then, 10 of the 26 known BTV serotypes have been isolated at BHF, NT (5, (7) (8) (9) (10) (11) (12) (13) . BTV 1, BTV 21, and, more recently, BTV 2 have the widest geographic distribution, occurring across northern Australia (Western Australia, NT, and northern Queensland) and into eastern Australia (southern Queensland and northeastern New South Wales). The other seven serotypes (BTV 3, -7, -9, -15, -16, -20, and -23) have been detected to date only in the far north of Australia. In spite of the presence of multiple serotypes, disease has not been recorded. There is, however, evidence that BTVs enter northern Australia on a regular basis. For example, BTV 2 was first detected in northern Australia in 2008 (8) . Eight of 10 genome segments of BTV_2_AUS_2008 are most closely related to the cognate segments of viruses from Taiwan and Asia and not other Australian BTVs, supporting the conclusion that the virus entered Australia recently (14) . Since live ruminants are not imported, BTV vaccines are not permitted, and Australia is separated from Asia by water, the movement of BTVs into Australia is believed to be by way of wind-borne dispersal of infected Culicoides (15) (16) (17) .
The BTV genome comprises 10 segments of double-stranded RNA encoding seven structural proteins (VP1 to VP7) and five nonstructural proteins (NS1, -2, -3/3a, and -4). Genetic diversity is generated through genome segment reassortment and mutation, leading to genetic shift and drift, respectively (18) . Intrasegment recombination has been described as an additional mechanism for the generation of genetic diversity in BTV (19) ; however, the significance of recombination in comparison with reassortment in the generation of genetic diversity is not well understood. The capacity of BTV for rapid genetic change presents risks associated with the emergence of new pathogenic strains and spread into new geographic areas through adaptation to new hosts and/or vectors.
In this study, we investigated the evolutionary dynamics of BTV 1 at a single surveillance site in northern Australia (BHF, NT). Wholegenome sequences were determined for 17 BTV 1 isolates collected during the period 1982 to 2010 and analyzed in the context of the genome sequences previously determined for 10 Australian BTV prototype serotypes isolated in the NT from 1977 to 2010. Estimation of selection pressure acting on BTV genome segments showed that all segments evolved under strong purifying (negative) selection. The obligate replication in alternate hosts (insect vector and vertebrate hosts) imposed strong evolutionary constraints. The analysis revealed a complex pattern of virus entry into Australia and genome segment reassortment indicative of a dynamically evolving gene pool and the selection of temporarily dominant genotypes.
MATERIALS AND METHODS
Virus isolation from sentinel cattle. The 17 BTV 1 isolates used in the study were isolated from blood collected from sentinel cattle at BHF, NT (12.6213 S, 131.30529 E), where long-term monitoring of BTV activity is undertaken. Sentinel cattle (12 to 24 per year) are replaced annually with serologically naive animals sourced from outside the BTV transmission zone. There was some variation in the timing and duration of deployment of the sentinel herds. Where possible, virus isolation dates have been consolidated by calendar year or tropical wet season (which spans calendar years, e.g., 2006 -2007) .
Virus isolation was conducted on lithium heparin blood or EDTA blood using three culture systems based upon (i) 10-to 11-day-old embryonated chicken eggs inoculated with 0.05 ml of packed red cells; (ii) BHK-BSR cells; and (iii) Aedes albopictus cell cultures (C6/36) inoculated with 0.1 ml of plasma-buffy coat-red cell interface. After multiple blind passages, cultures were examined for cytopathic effects on BHK-BSR cultures (20) . Viremia lasted for longer than 1 week for many of the sentinel animals, and thus multiple isolates were made from the same animal. Each of these isolations was recorded as a single isolation event (Table 1) . From the total 1,019 BTV 1 isolates, we selected 17 for genome sequencing. Each isolate was selected from the middle of the 6-to 8-week period in which BTV 1 transmission was detected in that year by virus isolation from the sentinel herd animals.
Cell lines, viruses, and ds cDNA preparation. Methods for cultivation of the BTV isolates in BHK-21 BSR cells and C6/36 (Aedes albopictus) cells, purification of BTV dsRNA, and preparation of BTV doublestranded cDNA (ds cDNA) have been described in detail previously (14) .
High-throughput sequencing of BTV ds cDNA. BTV genomic material (ds cDNA) was prepared for sequencing using TruSeq (Illumina) protocols with standard multiplex adaptors available in 2011-2012. Up to 12 viruses per run (multiplexed in a single instrument lane) were sequenced as paired-end reads of 75 to 150 base read protocols using an Illumina GAIIx instrument.
Sequence assembly. A combination of read mapping and de novo assembly was used to prepare a consensus sequence for each genome segment of the BTV 1 isolates. The methods used were those previously described using Velvet (21) for de novo assemblies and SHRiMP (22) for read mapping or using CLC Genomics Workbench version 5.1 (14) (www .clcbio.com).
Construction of pairwise identity frequency graphs. BTV sequences containing the coding region of the segment were used for analysis. The convention adopted for labeling sequences was that used previously (14) . Alignments and phylogenetic analyses were performed with the MEGA5 suite of programs (23) using the nucleotide sequences of the coding region for each of the genome segments. The best-fit substitution model for each genome segment was determined, and the model with the lowest Bayesian information criterion values was used to undertake a maximum likelihood (ML) analysis with 1,000 bootstraps.
Twenty-eight full coding regions of the genomes of Australian BTVs were used in the analysis: 17 newly sequenced BTV 1 isolates from BHF, 10 Australian BTV prototype serotype isolates (14) , and an additional BTV_2_AUS_2010 isolate from cattle blood collected in August 2010 near Cooktown, Queensland (15.4695 S, 145.2506 E) (GenBank accession numbers JQ240321 to JQ240330). Percent nucleotide identities between the complete open reading frames (ORFs) (MEGA program) of all genome segments were calculated. Pairwise identity frequency graphs were constructed by plotting all the calculated pairwise identities with the percent identities in the abscissa and the frequency of each of the calculated pairwise identities in the ordinate. Lineages having possible common origins (temporal or spatial) were assigned on the basis of Ն98% (segments 1 [Seg-1], -2, -3, -4, -5, and -6) or Ն97% (Seg-7, -8, -9, and -10) nucleotide sequence identity. The lineages were color coded to provide a visual basis for interpretation of the relationships and origins of the segments ( Table  2 ). The topotype nomenclature for phylogenetic groups was that used by Maan et al. (3, 24) and Boyle et al. (14) .
Analysis of Australian BTV sequences for evidence of potential recombination events. The MEGA5 MUSCLE-aligned nucleotide sequences were subjected to testing for potential recombination events using the RDP version 4 software package (25) . Further exploration and confirmation of possible recombination breakpoints was undertaken using GARD (http://www.datamonkey.org/GARD) (26) .
Comparison of tree topologies to determine coevolution of genome segments. Pairwise comparisons of tree topographies were undertaken with the program TreeKO (27) . TreeKO is a tree comparison tool that provides two alternative Robinson-Foulds-based distance metrics (28) adapted to searching for coevolving protein families and assessing topological congruence in the inferred order of speciation events. Trees in Newick format generated from MEGA5 ML analysis with 1,000 bootstraps were used for the comparison. The "strict distance" is most appropriate when searching for protein families with similar histories of duplication, loss, and speciation events. The "speciation distance" fits better in studies where the main focus is the underlying species phylogeny. We adopted a value of 0.6 above which the values were not considered significant. (The parameters calculated are from 0, exactly similar trees, to 1, no relationship).
Estimation of evolutionary dynamics. We adopted the approaches used by Carpi et al. (18) to explore the evolutionary dynamics of the Australian BTVs. Phylogenies constructed using MEGA5 ML methods were analyzed with Path-O-Gen (http://tree.bio.ed.ac.uk/software /pathogen/) to investigate the temporal signal and clock-like-ness of molecular phylogenies (29) . Rates of molecular evolution and time (years) to most recent common ancestor (TMRCA) were estimated for each seg- 
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a BTV 1 isolate(s) sequenced in this study. "None" indicates that no BTV 1 was isolated in that year. b Underlined boldface numbers indicate years in which previously sequenced prototype serotypes were isolated. Measurement of gene-and site-specific selection pressures acting on BTV 1 genome segments. Gene-and site-specific selection pressures were analyzed using six codon-based ML algorithms or Bayesian inference methods (MEME, SLAC, FEL, IFEL, REL, and FUBAR) implemented at the Datamonkey server (www.datamonkey.org) (26) .
Nucleotide sequence accession numbers. BTV 1 nucleotide sequences determined in this study have been assigned GenBank accession numbers KM099506 to KM099675.
RESULTS
Isolation of BTV from sentinel cattle at BHF, NT. BTV 1 was first isolated from cattle blood collected in 1979 at BHF, NT, during long-term surveillance programs (serology and virus isolation) at BHF and other locations throughout northern Australia (32 Table 3 ). The BTV 1 isolates were selected on the basis of viruses present at the midpoint of the 6-to 8-week period in which transmission was detected in that year by virus isolation. Fifteen of the 22 years (70%) in which BTV 1 transmission was detected were represented by these viruses. Analysis of the relationships of genome segments of these isolates and the prototype isolates of all other Australian prototype serotypes (1977 to 2010) revealed four major periods of BTV 1 evolution: 1979 BTV 1 evolution: to 1988 BTV 1 evolution: , 1989 BTV 1 evolution: to 1994 BTV 1 evolution: , 1996 BTV 1 evolution: to 2009 BTV 1 evolution: , and 2010 (Table 2 ; see also Fig. S1 in the supplemental material). Each was marked by a period of relative stability of evolving genome segments followed by replacement and extinction by the introduction of novel genome segments. Within and between each of the four periods there was evidence of reassortment involving some but not all genome segments.
In the period 1979 to 1988, some BTV 1 genome segment lineages showed stability (Seg-2, -6, -7, and -10), while others were replaced in reassortment events involving other BTV serotypes (Seg-1, -4, -5, -8, and -9). This resulted in a complex pattern of genomes for those viruses sequenced from 1986 to 1988. In 1988 -1989, the preexisting BTV 1 genome segment lineages were completely replaced by a new BTV 1 with genome segments (other than Seg-2 and Seg-6) derived from lineages present in BTV_21_DPP0086_1979 (Seg-1, -3, -4, -5, -7, -8, -9, and -10). The Seg-2 (VP2) and Seg-6 (VP5) lineages (which define serotype) post-1989 were distinctly different from the preexisting lineage in viruses present from 1979 to 1988. The origin of these genome segment lineages could not be determined; however, they could have been introduced to BHF from viruses that had already existed for some time elsewhere in Australia or had recently been introduced from outside Australia.
In 1996, the BTV 1 genome segments were substantially replaced with novel lineages, with the exception of Seg-2 (VP2), Seg-6 (VP5), and Seg-7 (VP7), which were descendants of genome segments existing from 1989 to 1994. The origins of genome Seg-1, -3, -4, -5, -8, -9, and -10 could not be determined, since there were no lineages in other sequenced Australian BTV with strong relationships. The BTV 1 genome lineages detected first in 1996 persisted at BHF for 12 years, to 2008. During this period, a distinct pattern of evolution over time was observed for each genome segment (see Fig. S1 in the supplemental material). BTV 2 was first detected at BHF in 2008. By 2010, BTV_1_ DPP8086 carried 8 of 10 genome segments from BTV 2, with only Seg-2 (VP2) and Seg-6 (VP5) originating from Australian BTV 1. A second 2010 virus, BTV_1_DPP8304, was also a reassortant, with genome segments of multiple origins. Genome segments (Seg-1, -3, and -10) represented in BTV 1 from 1989 to 1994 reappeared in this virus along with genome segments (Seg-2, -4, -5, -6, -8, and -9) from viruses present in 1996 to 2008. Intriguingly, Seg-2 (VP2) and Seg-6 (VP5) of the two 2010 BTV 1 isolates were more closely related to genome segments present in the early history of these lineages (1989) than to those detected immediately prior to 2009. This finding supported the conclusion that complex patterns of genome segment reassortment and reintroduction to BHF from elsewhere in the Australian environment and from outside Australia had taken place during the period 2008 to 2010.
Analysis of Australian BTV sequences for evidence of recombination. The MEGA5 MUSCLE-aligned nucleotide sequences were tested for evidence of recombination events by using the RDP software package and GARD. For Seg-2 and Seg-6, only Australian BTV 1 isolates were tested. Evidence of recombination mosaics was found in Seg-1 of BTV_3_DPP0973_1986 (Geneconv, BootScan, and 3Seq) and Seg-5 of BTV_1_AUS_DPP2559_1993 (Geneconv, BootScan, and RDP). GARD did not confirm the potential recombination events and breakpoints in Seg-1. Although a potential recombination event was identified in Seg-5, it was not significant. GARD did not identify any recombination events in the other Australian BTV genome segments. Comparison of tree topologies to determine coevolution of genome segments. Inspection of the tree topologies of the genome segments of BTV 1 and other Australian BTV serotypes suggested coevolution of some segments over the 33 years (1977 to 2010), e.g., Seg-2 (VP2) and Seg-6 (VP5) and Seg-1 (VP1) and Seg-3 (VP3) (see Fig. S1 in the supplemental material) . We formally tested for segment coevolution by a pairwise analysis of trees using TreeKO for each genome segment and any coencoded proteins (Table 4) . Strong evidence was obtained for coevolution of a coencoded protein sequence for Seg-9 (VP6 and NS4) and Seg-10 (NS3 and NS3a). TreeKO analysis showed evidence for two networks of coevolving genome segments: A, Seg-1 (VP1) and Seg-3 (VP3), Seg-1 (VP1) and Seg-6 (VP5), Seg-2 (VP2) and Seg-6 (VP5), Seg-3 (VP3) and Seg-6 (VP5), and Seg-3 (VP3) and Seg-9 (VP6); and B, Seg-4 (VP4) and Seg-5 (NS1), Seg-4 (VP4) and Seg-8 (NS2), and Seg-5 (NS1) and Seg-8 (NS2) (Fig. 1) .
Estimation of evolutionary dynamics and selection pressures on BTV 1 genome segments at BHF. A strong temporal signal and clock-like molecular evolutionary dynamics were detected in the lineages of six Australian BTV genome segments: Seg-1, -2, -6, -8, -10 (correlation coefficients of Ͼ0.75), and -5 (correlation coefficient of ϳ0.5) ( Table 5 ). Other segments had low (0.3 to 0.4) or insignificant correlation coefficients, suggesting that insufficient sequences and high rates of reassortment confounded any temporal signals. The Bayesian coalescent estimates of mean substitution rates for all genome segments were tightly clustered in the range of 3.5 ϫ 10 Ϫ4 to 5.3 ϫ 10 Ϫ4 substitutions per site per year (95% highest probability density [HPD]; 1.8 ϫ 10 Ϫ4 to 7.18 ϫ 10 Ϫ4 ) (with the exception of Seg-9 [NS4]) ( Table 5 ). The SRD06 model (data presented here) has been identified as the most appropriate for RNA viruses, but rate estimates were similar for each of the other molecular clock models tested (31) .
Estimates of TMRCA (years) showed that BTV Seg-1, -3, -4, -7, and -10 (range of mean TMRCA estimates, 164 to 210 years) had entered Australia at similar times and possibly at the time of the first introduction of cattle to Australia (Table 5) . Seg-2, -6, -8, and -9 (range of mean TMRCA estimates, 63 to 107 years) had more recent origins, while Seg-5 had older ancestors (mean TMRCA, 667 years; range, 396 to 1,012 years).
All BTV genome segments were found to be evolving under strong purifying (negative) selection, irrespective of the model used for analysis (see Table S1 in the supplemental material). FUBAR analysis identified only three sites in the 12 coding sequences of the BTV genome under pervasive diversifying (positive) selection with a posterior probability of Ն0.9. Altogether, 3,148 sites were identified as under pervasive purifying (negative) selection. Pervasive diversifying (positive) selection was identified at position 188 (Thr, Ala, and Val) of Seg-2 (VP2). However, none of the other models identified this position, i.e., position 211 (Lys, Arg, and Gln) of Seg-5 (NS1) by FUBAR, MEME, FEL, and IFEL and position 203 (Ala, Thr, Pro, Ser, and Val) of Seg-9 (VP6) by FUBAR, MEME, SLAC, FEL, and IFEL, as under positive selection. Several other sites were identified as under positive selection by two or more models but not by FUBAR; Seg-4 (VP4) site 206 (Gln, Leu, and Arg) (MEME and FEL) and site 312 (Lys, Arg, and Met) (MEME and IFEL), Seg-8 (NS2) site 242 (Phe and Gly) (FEL and IFEL), Seg-9 (VP6) site 84 (Leu and Val) (MEME and FEL), and site 208 (Asp, Ser, and Asn) (MEME and IFEL). REL did not identify any sites under positive selection. Segment 9 (NS4) truncated-gene version. NS4 from the Australian BTV Seg-9 is highly conserved, with two viruses (BTV_1_ AUS_199_DPP4690 and BTV_15_AUS_1982_DPP0192) having an NS4 of 79 amino acids and the remainder (25 viruses) having 
DISCUSSION
Virus isolations from long-term surveillance programs at BHF, NT, have allowed an analysis of the evolutionary dynamics of BTV 1 over 30 years in northern Australia. High rates of BTV transmission at BHF during the monsoon wet season result from the presence of large populations of vectors and cattle. Ten BTV serotypes have been isolated from sentinel cattle held at BHF over the period 1979 to 2010. BTV 1 was the most frequently isolated serotype (40% of all BTV isolations). Other BTV serotypes were isolated less frequently, and there were long periods during which many serotypes were not isolated, suggesting local extinction followed by reintroduction from within or outside Australia. In the early period of the surveillance program (1977 to 1986), eight BTV serotypes (1, 3, 9, 15, 16, 20, 21 , and 23) were isolated. These may have already been present in northern Australian prior to the institution of the surveillance program. Retrospective serological investigations following the detection of BTV 3 and BTV 16 suggested, however, that these serotypes were novel introductions. Evidence for the introduction of BTV serotypes by the entry of wind-borne infected Culicoides species is supported by the isolation of BTV 7 (2006 BTV 7 ( -2007 and BTV 2 (2008 -2009 ) (14) (15) (16) (17) . In the case of BTV 2, analysis of the genome segments showed many to be closely related to cognate segments of viruses from Taiwan and Asia and not to an Australian BTV serotype. Analysis of genome segments of 17 BTV 1 isolates obtained from BHF over the period 1979 to 2010 revealed a complex pattern of relative stability of evolving segments followed by replacement and apparent local extinction with the introduction of novel genome segments. Four distinct periods with evidence of reassortment events involving some but not all genome segments having taken place in the change between each of the four periods were identified. In Europe, BTV reassortment in the field has been documented with genome segments from live attenuated vaccine strains being detected in field strains (33) and field strains being identified with genome segments from multiple serotypes (24, 34) . With the potentially high rate of reassortment and the absence of genetic markers for virulence and vector competence in BTV, it is difficult to determine the risks associated with novel BTV genotypes generated by segment reassortment (35) . Intrasegment recombination has been described as an additional mechanism for the generation of genetic diversity in BTV (19) ; however, we found no evidence that recombination contributed to the generation of genetic diversity among Australian BTVs.
Structural and functional relationships of encoded BTV proteins (36) may be reflected in evolutionary constraints on the genome segments. TreeKO analysis of tree topologies identified two coevolving networks of genome segments. Some of the identified relationships are consistent with known structural and functional relationships of BTV proteins, such as VP2 (Seg-2) and VP5 (Seg-6), which constitute the outer capsid proteins and are exposed on the mature virions. VP2 defines the major serotype, with a contribution from VP5. There may be preferential reassortment of VP2 and VP5 genes, as we have observed; however, a recent study (34) of BTV 1 and BTV 8 in cell culture established that reassortment is an extremely flexible process and that there may be no fundamental barriers to reassortment of any genome segments. The identification of coevolving genome segments in the field isolates described here suggests that reassortment in the field in the context of the obligate alternating hosts (insect and vertebrate) is a process constrained by multiple stochastic and deterministic factors such as structural and functional relationships, vector and host species and population sizes, host immunity, vector specificity, and distribution in space and time of parental virus strains.
Cattle were brought to the NT in the 1820s. By 1910, the majority of the areas currently used by the pastoral industry were occupied. Today approximately 55% (675,000 square kilometers) of the NT, ranging from high-rainfall, monsoonal areas in the north to arid regions in the south, with an estimated cattle population of 1.7 million, is involved. The pastoral industry has undergone many changes during the past 200 years. There have been cycles of boom and bust, substantial destocking as part of a program to eradicate brucellosis Estimates for TMRCA (years) of BTV genome segments at BHF for Seg-1, -3, -4, -7, and -10 (TMRCA range of mean estimates, 164 to 210 years) suggested that viruses carrying these segments may have entered the NT around the time of the introduction of cattle. In contrast, TMRCA for other genome segments, Seg-2, -6, -8, and -9 (TMRCA range of mean estimates, 63 to 107 years), suggests introduction since the establishment of the cattle industry in NT. TMRCA (667 years; range, 396 to 1,012 years) of Seg-5 (NS1) suggests older origins for the ancestors of Seg-5 in the Australian BTV genome segments, but inspection of the phylogenetic tree suggests several lineages whose common ancestors could have been introduced at the time of the entry of cattle or subsequently. A complex pattern of virus and segment introduction has occurred since the introduction of cattle to the NT. This has been followed by segment reassortment and evolution resulting in the genomes currently present in BTV 1 at BHF, NT.
Estimation of the selection pressure acting on BTV 1 genome segments showed that all segments evolved under strong purifying (negative) selection irrespective of the model used for analysis. The obligate replication in alternate hosts (insect vector and vertebrate hosts) of vector-borne RNA viruses imposes strong evolutionary constraints (37) (38) (39) (40) . The alternating host requirements impose constraints on adaptation due to fitness trade-off or different fitness landscapes for replication in each of the hosts. Additionally, the arbovirus transmission cycle can impose population bottlenecks that constrain adaptive evolution by limiting the efficiency of selection (37) . In the case of BTV at BHF, NT, only three sites were identified (FUBAR) as under positive selection over 33 years in the 27 BTV genomes analyzed. The Bayesian coalescent estimates of mean substitution rates were clustered in the range 3.5 ϫ 10 Ϫ4 to 5.3 ϫ 10 Ϫ4 substitutions per site per year. In comparison with non-vector-borne members of the Reoviridae, BTV is evolving far less rapidly. Estimated rates of genome evolution for group B rotaviruses from western India were 10-fold higher (1.36 ϫ 10 Ϫ3 to 4.78 ϫ 10 Ϫ3 substitutions per site per year) (41) . This difference is consistent with the strong evolutionary constraints imposed on orbiviruses by obligate replication in alternate hosts (18) .
A novel BTV nonstructural protein (NS4) encoded by Seg-9 in the ϩ1 reading frame has recently been identified and characterized. The NS4 protein is 77 to 79 amino acids in length and is highly conserved. It appears to play an important role in virushost interactions, but it appears to be dispensable for BTV replication (42, 43) . The truncated coding region identified in BTV_1_AUS_1981_DPP0065 retains the N-terminal putative ␣-helix of NS4. This amino-terminal basic domain plays an important role in the nuclear localization of this protein. The C-terminal helix would not be expressed in this BTV NS4, so any product would lack DNA binding activity. Interestingly, 1 of 67 BTV Seg-9 sequences had a premature termination codon within the NS4 ORF but not at the same location as that observed in BTV_1_AUS_1981_DPP0065 (43) . The nonessential nature of NS4 may allow some viruses to replicate with mutated ORFs; however, this may be dependent upon the passage history of the virus and the ability of NS4 to confer a replication advantage for some viruses in cells previously exposed to interferon type I (42) .
We have documented a complex and dynamic pattern of evolution for BTV 1 at BHF in northern Australia over 30 years. There was evidence for multiple events of introduction of genome segments into the local BTV 1 population by reassortment. Generation of genetic diversity by mutation and selection was tightly constrained by the strong purifying selection imposed by the alternating insect vector and vertebrate host cycle. We found no evidence for intrasegment recombination contributing to the evolution of BTV at BHF. The dominant mechanism for generation of genetic diversity of BTV 1 at BHF, NT, was through the introduction of new virus serotypes and genotypes and the reassortment of genome segments with existing viruses.
